In Brief
The importance of proper positioning for the development of neuronal populations is still poorly understood. McArthur and Fetcho show that facial motor neurons in larval zebrafish exhibit a remarkable resilience to dramatic disruption in normal positioning, suggesting that hindbrain circuits may be robust to shifts in segmental organization.
INTRODUCTION
Spatial patterning supports neuronal differentiation and circuit formation in the developing nervous system. Neuronal subtypes arise and extend processes in specific locations, determined in part by extracellular signaling gradients [1] . Neurons then migrate from their birthplaces to particular locations, where they finish differentiating and extend processes to form synaptic connections [2] . Finally, neurons often arrange themselves into a specific topography within a given population-for example, according to relative age [3, 4] -to further facilitate circuit development.
Somatic motor neurons provide a striking example of the relationship between spatial topography and circuit development. In mammalian spinal cord, discretely clustered motor pools are positioned in columns and columels according to the anatomical and functional arrangement of their target muscles (reviewed in [5] ). Recent work has demonstrated the importance of this precise positioning for establishing appropriate synaptic connectivity. Disruption of motor pool clustering spares the integrity of the projection from motor neuron to muscle [6] but interferes with the formation of monosynaptic connections between muscle proprioceptors and limb motor neurons, with afferents targeting neurons in a specific region rather than recognizing neurons with a particular genetic identity [7] . These results imply that positioning, and not just molecular recognition cues, can be critical for establishing appropriate synaptic connectivity. Given that developing neurons are typically spatially structured, this seems a sensible strategy for guiding initial circuit formation.
The spatial structure of the developing nervous system has, however, evolved, with some neuronal populations exhibiting dramatic shifts in location across phylogeny. For example, some cranial motor nuclei are found in different rostrocaudal segments of the hindbrain in different taxa [8] [9] [10] [11] [12] , attributed to inter-species differences in neuronal migration. Previous work has theorized that shifts in the final position of these motor nuclei correlate with changes in their dominant inputs [13, 14] , though the mechanisms driving this shift are not known. As these cranial nuclei shifted their positions across phylogeny, the motor neurons still needed to receive appropriate synaptic inputs to support the survival-critical behaviors mediated by this part of the brain. If position is critical for establishing circuit architecture, how did these shifting populations maintain or adapt their functional organization despite dramatic alterations to their segmental positions in the developing hindbrain?
To address this question, we investigated the functional development of facial branchiomotor neurons (FBMNs) in larval zebrafish. In wild-type zebrafish, FBMNs arise and differentiate in one segment of the embryonic hindbrain and then migrate to settle in more caudal segments by 2 days post-fertilization (dpf) [15] . However, a number of genetic mutations have been identified that specifically disrupt this caudal migration while sparing the gross organization of the surrounding neuroepithelium (reviewed in [16] ), resulting in larval zebrafish with FBMNs located in the wrong hindbrain segment. We selected two of these mutant lines that disrupt caudal migration via distinct molecular mechanisms [17, 18] and used cellular morphology, functional imaging, electrophysiology, and behavior to ask how the normal functional organization of FBMNs is affected by a disruption in caudal migration.
Because of the apparent importance of cell positioning in the developing nervous system, we expected that at least some functional properties of the facial motor nucleus would be grossly disrupted in migration mutants. Instead, we find that FBMNs in migration mutants still achieve similar intra-population motor pool and age topography, exhibit similar gross patterns of activity at the single-cell and population level, and show similar rhythmic facial movements to their wild-type counterparts. Whereas we cannot conclude that abnormal migration has no impact on circuit architecture or function, the similarities in the properties of misplaced and correctly positioned neurons lead us to conclude that a shift in neuronal position need not result in a massive functional disruption. Instead, some neuronal populations may develop in a way that permits a degree of functional resilience in the face of positional shifts, perhaps conferring on that population the ability to maintain its participation in pre-existing circuits while opportunistically accessing novel synaptic inputs-thus providing a substrate for circuit evolution.
RESULTS

Functional Topography: Facial Motor Pools
In wild-type zebrafish hindbrain, FBMNs migrate caudally from their birthplace in rhombomere 4 to settle in rhombomeres 5-7. In the llk(rw16) [17] and pk1b(fh122) [18] mutant lines, FBMNs fail to migrate caudally and remain instead in rhombomere 4 (Figures 1A-1C) . As a first step toward understanding the importance of rostrocaudal positioning for neural circuit development, we set out to determine whether the neuronal population in migration mutants could achieve a topographical organization similar to that in wild-type. Because we already knew that spinal motor neurons cluster according to their muscle targets [5] and that this organization can be critical for establishing synaptic connectivity [7] , we began by probing the topography of facial motor pools.
In larval zebrafish, the facial motor nerve innervates multiple muscles over the operculum (e.g., levator operculi [LO] ) and the ventral surface of the buccal cavity (interhyoideus [IH] , hyohyoideus inferior [HHi] , and hyohyoideus superior [HHs]) [19] . To determine the location of facial motor pools projecting to these muscles, we backfilled FBMNs contributing axons to specific branches of the facial motor nerve by electroporating fluorescent dye into the nerve over each muscle at 4 dpf and imaged Top panels show the hindbrain of Tg(Islet1:GFP) larvae at 5 dpf.
(A) In wild-type larvae, facial motor neurons are born in rhombomere 4 (R4) and migrate caudally to settle in rhombomeres 5-7 by 48 hpf.
(B and C) In both llk(rw16) mutant larvae (B) and pk1b(fh122) mutant larvae (C), facial motor neurons fail to migrate caudally and remain in R4. Octavolateralis efferents (OLes) born in R4 and R6 also fail to migrate caudally.
(D and E) Schematic representation of the operculum (D) and ventral cranial muscles (E) targeted for backfills of the facial motor nerve. Filled muscles indicate the electroporation target, and outlined muscles correspond to other muscles labeled with dye after target electroporation.
(F and G) Electroporation of fluorescent dyes into the IH (magenta) and LO (cyan) muscles on opposite sides of a single zebrafish larva (4 dpf) backfills a subset of each muscle's facial motor pool, imaged at 5 dpf, and shown here from dorsal (F and F') and cross-sectional (G and G') views. (H and I) Targeting the electroporation to the HHs (orange) backfills a subset of that muscle's motor pool, shown here from dorsal (H and H') and crosssectional (I and I') views. Arrowheads indicate backfilled cell bodies. HHs, hyohyoideus superior; IH+, interhyoideus + hyohyoideus inferior; LO, levator operculi; Vn., trigeminal motor nuclei; VIIn., facial motor nucleus; Xn., vagal motor nucleus. See also Figure S1 .
the filled motor neuron cell bodies at 5 dpf. Pilot experiments indicated that some FBMNs project to multiple muscles at this stage-confirmed by filling single cells with dye and visualizing the axon branching pattern-whereas other FBMNs project to only a single muscle ( Figure S1 ). Based on the backfills, we set out to describe the spatial topography of three motor pools: one pool innervating the ipsilateral LO ( Figure 1D ); a second pool innervating the bilateral IH, ipsilateral HHi, and bilateral intermandibularis posterior (referred to as the IH+ pool; Figure 1E , magenta); and a third pool innervating the ipsilateral HHs (Figure 1E , orange). Each backfill labeled a subset of the FBMNs projecting to a given muscle in that animal ( Figures 1F-1I) . A summary of the results is shown in Figure 2 . In wild-type larvae, motor pools exhibit a significant amount of overlap, unlike the discrete clusters observed in mammalian spinal cord [5] . However, a consistent topographic arrangement is still apparent (Figure 2A ). LO-projecting neurons are found throughout the dorsoventral and mediolateral extent of the facial nucleus and make up most of the facial motor neurons in the ventrolateral arm of the facial nucleus. IH+-projecting neurons are found in the intermediate portion of the cross-section, whereas HHs-projecting neurons are found primarily in the most dorsomedial region. Though the shape of the facial nucleus itself differs a bit between wild-type larvae and migration mutants, the spatial arrangement of the facial motor pools remains much the same, with a dorsomedial HHs pool, an intermediate IH+ pool, and an expansive LO pool in both llk(rw16) ( Figure 2B ) and pk1b(fh122) ( Figure 2C ) mutants. Thus, in a statistical comparison using a linear mixed effects model (Table S1) , muscle target was a significant predictor of FBMN cross-sectional position (mediolateral: p < 0.001; dorsoventral: p < 0.001), but there was no significant interaction between muscle target and migration phenotype (mediolateral: p = 0.29; dorsoventral: p = 0.26)-consistent with a topographic arrangement of motor pools that is not significantly affected by the disruption of their caudal migration.
Functional Topography: Relative Age Many neuronal populations in the developing nervous system are organized according to relative age. In larval zebrafish, spinal cord [20, 21] and hindbrain [4, [21] [22] [23] ] motor and interneurons are organized topographically by age along the dorsoventral axis, and the dorsoventral location of the soma correlates with key functional properties, such as recruitment order and axon morphology [4, 21, 24] . This led us to use transgenic expression of the photo-convertible protein Dendra2 to determine whether facial motor neurons were organized according to relative age and whether this age topography was still established in caudal migration mutants.
Dendra2 was expressed under the zCREST1 promoter/ enhancer element [25] , causing FBMNs to start expressing green (unconverted) Dendra protein once they exited the cell cycle and began to differentiate as cranial efferent neurons. Exposure to UV light at 20, 24, or 30 hr post-fertilization (hpf) converted the green protein in differentiated neurons to red. Imaging at 3 dpf then revealed which neurons were older (red) and which had differentiated after the conversion (green only).
In wild-type fish, FBMNs are arranged by age along the dorsoventral axis, as shown in Figure 3A (n = 17 fish across three conversion time points). For each conversion time point, the older neurons were found in the most ventral part of the facial nucleus, and younger neurons were found mostly dorsal to them. In migration mutants, FBMNs still established this dorsoventral age topography (llk(rw16): Figure 3B (A) Across wild-type larvae, the LO motor pool (teal) extends throughout the entire facial motor nucleus, whereas the IH+ (purple) and HHs (orange) motor pools are found in more restricted but still overlapping regions-in the middle and dorsomedial portions of the nucleus, respectively. (B and C) In llk(rw16) mutant larvae (B) and pk1b(fh122) mutant larvae (C), the cross-sectional topography of the motor pools is maintained (Table S1 ). All fish were backfilled at 4 dpf and imaged at 5 dpf. n, number of fish used in each condition. Histograms illustrate the distribution of cells along the mediolateral and dorsoventral axes, binned at 20-mm intervals. See also Figure S1 . a clear dorsoventral arrangement by relative age in all three groups. Thus, whereas mutant FBMNs are located in the wrong rostrocaudal hindbrain segment, they still establish the crosssectional organization seen in wild-type, according to both muscle target and relative neuronal age.
Rostrocaudal Location of Dendrites
Although FBMN cell bodies are located in the wrong rostrocaudal segment in migration mutants, these neurons could still sample the same brain region for presynaptic inputs as wild-type FBMNs if they extended their dendritic arbors into the same region of caudal neuropil that they occupy in wild-type fish. To reveal FBMN dendritic arbors, we filled single FBMNs with fluorescent dye and traced their dendrites ( Figure 4 ). We focused primarily on neurons from the IH+ motor pool to facilitate a direct comparison between wild-type and migration mutant neurons. In both wild-type (n = 10; example shown in Figure 4A ) and llk(rw16) migration mutant (n = 5; example shown in Figure 4B ) larvae, FBMNs extended their dendrites primarily into the neuropil found lateral, ventral, and caudal to the cell body. Although there was some modest overlap, wild-type FBMNs-which had migrated properly into rhombomere 6-accessed much more caudal regions of hindbrain neuropil than their migration mutant counterparts located in rhombomere 4 (summarized in Figure 4C ). Our data are, therefore, inconsistent with the hypothesis that mutant FBMNs simply extend their dendrites to reach wild-type-innervated regions of neuropil-and instead suggest that the region of neuropil sampled by FBMN dendrites shifts along with the rostrocaudal position of their cell bodies.
Patterns of Activity: Electrophysiology
The morphological data indicate that the internal spatial topography of FBMNs is resilient to a dramatic shift in segmental location, but both their cell bodies and dendrites are still in the wrong location in the developing brain. Does a segmental shift in neuronal position block FBMNs' access to critical synaptic inputs, thereby disrupting patterns of activity, or can shifted FBMNs still achieve patterns of activity similar to wild-type? Zebrafish embryos expressed the photo-convertible protein Dendra2 in cranial motor neurons and were exposed to UV light at one of three time points during facial motor neuron differentiation (20, 24, or 30 hpf) and then imaged at 3 dpf. Neurons older than the conversion time point contain converted (magenta/purple) Dendra, whereas younger neurons contain only unconverted (green) Dendra. In both wild-type (A) and llk(rw16) mutant (B) larvae, older facial motor neurons are located in the ventral-most part of the facial motor nucleus. Examples in left panels of (A) and (B) have been color adjusted to increase visibility of the converted (magenta) Dendra signal. Histograms illustrate the distribution of cells along the dorsoventral axis binned at 20-mm intervals, where the scale bars refer to the number of cells. See Figure S2 for data from pk1b(fh122) mutants.
We began by using whole-cell recordings to observe the spontaneous activity of wild-type FBMNs in the ventrolateral arm of the facial nucleus in rhombomere 6 ( Figure 5A ), sometimes with simultaneous recording of ventral motor root activity in the tail (wild-type: n = 6/23 fish; llk(rw16) mutants: 3/8 fish). All FBMNs fired spontaneous bursts-depolarization hills ($5-10 mV in amplitude) typically topped by one or multiple small spikes. Some neurons exhibited only infrequent but strong bursting activity (n = 8/23 cells; Figure 5B ), which correlated with spontaneous motor activity in the tail when monitored. Others also exhibited bouts of shorter, rhythmic bursting (n = 15/23 cells; Figure 5C ) that were typically not accompanied by tail motor activity.
Remarkably, when we recorded from FBMNs in the same ventrolateral region of the facial nucleus (now located in rhombomere 4) in llk(rw16) migration mutants, we found evidence that migration mutant FBMNs exhibit both types of activity observed in wild-type: a minority of cells (n = 2/8 cells) only fired infrequent bursts (correlated with strong tail motor activity when recorded simultaneously) and other FBMNs fired strongly during infrequent tail motor bouts but also exhibited rhythmic activity (n = 6/8 cells; Figure 5D ). These rhythmic bursts occur at overlapping frequency ranges (typically 0.25-2 Hz) in wild-type and mutant fish ( Figure 5E ), though there was more variability in the wild-type sample and the mutants fell toward the bottom of the wild-type inter-burst interval range. Thus, electrophysiology shows us that the fundamental firing patterns of FBMNs are similar in wild-type and mutants, but dissection might be disrupting sensory inputs to facial motor circuits and affecting firing frequency. Furthermore, recording a single cell per fish makes it difficult to draw conclusions about how activity patterns are distributed across the population. We therefore also monitored activity in a broader sample using functional imaging. 
Patterns of Activity: Population Calcium Imaging
To explore how activity patterns were distributed across FBMNs in intact larvae, we imaged FBMNs expressing a nuclear localized calcium indicator (Tg(Elavl3:H2B-GCaMP6fast)) [26] . When we imaged a series of slices through the dorsoventral extent of the wild-type facial motor nucleus at 5 dpf, we observed FBMN calcium signals consistent with activity patterns seen in whole-cell recordings ( Figure 6A ). Some neurons only exhibited large, infrequent transients (typically one per minute), correlated in time with large body movements, whereas other neurons also exhibited bouts of rhythmically oscillating calcium activity. Consistent with the electrophysiological data, these two patterns were also observed in the llk(rw16) migration mutants ( Figure 6B ). In addition, when we targeted LO-projecting neurons by backfilling them prior to imaging, we found that both response patterns were exhibited by neurons within a single motor pooland once again, this was true for both wild-type and migration mutant larvae (raw data not shown; see summary data in Figure 6C ).
To explore the topography of activity patterns, we categorized FBMN responses as rhythmic or non-rhythmic (with large infrequent responses only) and then plotted their registered positions within the facial motor nucleus ( Figure 6C ). Across wild-type larvae (n = 7 fish; two fish without backfill and five fish in which only LO-projecting neurons were sampled), FBMNs with different response patterns overlapped spatially, but rhythmically oscillating neurons were concentrated in the ventrolateral arm of the motor nucleus. In migration mutants (n = 6 fish; three fish without backfill and three fish in which only LO-projecting neurons were sampled), these rhythmic cells are still in the ventral-most portion of the sampled region. Indeed, when we fit a linear mixed effects model to the data (Table S2) , we found that response type (rhythmic versus non-rhythmic) was a significant predictor of neurons' dorsoventral position (p < 0.001). However, we failed to find statistical evidence for an interaction between migration phenotype and response type (p = 0.14)-indicating that the dorsoventral distribution of rhythmic neurons was similar in wild-type and mutant larvae. This points to at and rhythmic (magenta symbols) activity, though rhythmic neurons were concentrated ventrolaterally (Table S2 ). Open symbols, neurons backfilled from the LO (operculum). Grey panels show the cross-sectional outline of the facial motor nucleus for each phenotype, based on backfill data shown in Figure 2 . Number of fish used to assemble summary data: n = 7 wild-type (64 classified neurons in total); n = 6 llk(rw16) mutant (60 classified neurons in total). All data shown here were obtained from unparalyzed fish at 5 dpf.
What do these patterns of activity represent? At 5 dpf, hypoxia evokes bouts of rhythmic contractions by buccal and opercular muscle, with infrequent whole-body movements [27, 28] . These movements likely facilitate oxygen diffusion across the skin prior to gill maturation and precede the continuous respiratory movements that develop a few days later [27, 29] . Immobilization (by dissection or agarose embedding) likely evokes respiratory facial activity by decreasing fluid flow (compared to a freely swimming fish). Indeed, the frequency range of rhythmic FBMN bursts overlaps with the reported frequency range of hypoxia-induced facial behaviors [27] . Thus, the imaging and physiology indicate substantial preservation of the rhythmic respiratory control of facial motoneurons in the mutants, which we expected would lead to a preservation of the movements they drive.
Behavioral Patterns: Rhythmic Operculum Movements
To determine whether rhythmic movements were, indeed, robust to abnormal FBMN migration, we imaged movements of the operculum, which rhythmically adducts and rotates (driven by the facially innervated adductor operculi [AO] and LO muscles, respectively) in response to hypoxia [19, 27] (Figure 7A ). Wildtype larvae restrained in agarose exhibit bouts of operculum movement, including smaller rhythmic movements and stronger movements during attempted whole-body motion (n = 8 fish; Figure 7B), as previously reported [27] . Consistent with our electrophysiological and calcium imaging results, migration mutant larvae also exhibit this pattern (n = 8 fish; Figure 7C ). Focusing on the rhythmic component, we compared the distribution of inter-movement intervals for wild-type and mutant larvae. Mutants exhibited a broader range of median movement frequencies across individuals ( Figure 7D , left panel), perhaps due in part to the lengthening of the mutant interval histogram tail ( Figure 7D , right panel)-corresponding to a modest increase in the number of slow operculum movements observed. However, the overall range and distribution of inter-movement intervals in wild-type and mutant larvae were still quite similar ( Figure 7D, right panel) . Indeed, a statistical comparison using a linear mixed effects model failed to identify migration phenotype as a significant predictor of inter-movement interval (p = 0.613; Table S3 )-consistent with statistically similar frequencies of opercular movements in wild-type and mutant fish. Thus, whereas there are hints of potential subtle differences between wild-type and mutant larval behavior, the topography of facial motor pools, the age topography of the motor nucleus, two major patterns of neuronal activity (and their topographic arrangement across the population), and the overall pattern and rhythmic frequency of operculum movements are still surprisingly robust to a radical repositioning of facial motor neurons.
DISCUSSION
We set out to investigate the rules linking the position and function of a neuronal population in the developing brain. Genetic disruptions of the caudal migration of the facial motor nucleus in larval zebrafish allowed us to explore the effects of manipulating its segmental position in the developing hindbrain. A comparison of key features of wild-type and migration mutant facial motor neurons revealed a striking similarity in both intra-population motor pool and age topography as well as spontaneous activity patterns, consistent with the similarity between wild-type and mutant operculum behavior. This phenotypic resilience in the face of a dramatic positional shift has important implications for our understanding of the development and evolution of neural circuits.
Resilience to Abnormal Migration: Evidence and Caveats After a change in the segmental position of FBMNs in migration mutants, their intra-population topography was maintained, as were their gross activity patterns-all of this despite the fact that their dendritic arbors, like their cell bodies, were in the wrong rostrocaudal location in the developing hindbrain. The similarity of the activity patterns is particularly interesting and important. The two firing patterns we observed correspond to two types of cranial respiratory activity in response to hypoxia: one rhythmic and one infrequent and correlated with large body movements [27] . Similar respiratory patterns have also been observed in lamprey [30] . The fact that FBMNs can dramatically shift their segmental position and still potentially receive inputs from the same (or functionally similar) respiratory pattern generators in caudal hindbrain [31] suggests that achieving a specific segmental position is not strictly necessary for the development of major features of facial motor output. If we had identified clear functional abnormalities in mutants (e.g., loss or severe The box-whisker plot (left) shows the distribution of per-fish median intermovement intervals in wild-type (n = 8) and mutant (n = 8) larvae. The histograms (right) show the complete distribution of inter-movement intervals in wild-type (top; n = 7,355 intervals) and mutant (bottom; n = 6,986 intervals) larvae. Migration phenotype was not a significant predictor of inter-movement interval (p = 0.613; see Table S3 ). disruption of rhythmic activity)-as we expected-then we would be able to confidently conclude that these neurons were not resilient to abnormal migration, consistent with a central role for segmental positioning in circuit development. Instead, we observed similar facial nucleus topography, similar facial motor neuron activity patterns, and similar facial motor behavior in wild-type and migration mutant larvae. This leads us to conclude that facial motor circuits are, indeed, robust to abnormal migration-at least in terms of the spatial patterning and gross motor outputs that were studied herein.
Others have used genetic manipulation of hindbrain patterning genes to provide some evidence of flexibility and robustness in the developmental program, by studying the functional properties of ectopically induced neurons [32, 33] and populations developing in the absence of normal segmental gene expression [34] . Indeed, a previous study in mice [35] provided indirect evidence that a mutation blocking FBMN caudal migration also extended the rostrocaudal range of the embryonic parafacial oscillator (e-pF) and spared specific features of respiratory connectivity. These results lend support to the conclusion that some circuits and associated behaviors can be robust to changes in neuronal locations.
Still, facial motor circuits might be sensitive to abnormal positioning in ways that we simply failed to detect in the current study. Whereas mutant FBMNs still seem to incorporate into larval respiratory circuits, their connection to other sensorimotor circuits-such as those involved in suction feeding-might be more vulnerable to a positional shift. Further, normal positioning could be less critical for early circuitry and more critical for mature circuitry, particularly given the fact that the gills are not yet functional at the ages we studied. In addition, even when circuits achieve their normal function despite some developmental perturbation, they may be vulnerable to dysfunction in specific contexts. For example, Ma et al. [34] found that disruption of normal segmental gene expression in valentino zebrafish mutants resulted in sporadic, aberrant oculomotor behaviors (correlated with jaw and fin movements) layered on top of normal horizontal eye movements. The authors concluded that normal segmental signaling may protect developing circuits from aberrant connectivity. Studies like this one reinforce the importance of continuing to probe the boundaries of facial motor circuit resilience to abnormal positioning.
There may also be position-dependent reconfigurations of the underlying circuitry in mutants that preserve gross functional output. For example, there could be changes in the fidelity or strength of specific synaptic inputs, which might not be readily apparent from single-cell recordings or calcium imaging. Further, similar activity patterns could be achieved in distinct ways in wild-type and migration mutant larvae if, for example, mutant FBMNs received rhythmic input from a different set of respiratory neurons. At the very least, given our observation that the dendritic arbors shift their position along with the cell body in migration mutants, premotor neurons likely send their axonal projections to a different region of the hindbrain in order to reach FBMN targets.
Developmental Rules Linking Position and Function
In many cases, normal positioning is clearly important for a neuron's ability to incorporate into functional circuits. A particularly clear example can be seen in mammalian spinal cord, where disrupting the clustering and positioning of motor pools results in abnormal afferent-motoneuron synaptic connectivity [7] . Significant changes in cell morphology, physiology, and synaptic connectivity also follow abnormal neuronal migration in the olfactory bulb [36] , hippocampus [37] , and pre-cerebellar nuclei [38] . Indeed, abnormal neuronal migration in humans is associated with a variety of neurological problems, such as seizures and cognitive impairment [39] . It seems likely that different strategies for synaptic specification are used in different contexts, depending on the nature of the circuits they are used to construct. In cases where input-output mappings are rigid, we might predict that neurons should be more precisely positioned and that synaptic specification should rely more heavily on that positioningas has been demonstrated for afferent-to-motoneuron synapses in mammalian spinal cord [7] . In the hindbrain, premotor circuits have a more flexible relationship to specific cranial motor nuclei-as the connectivity of these nuclei evolves in parallel with changes in peripheral musculoskeletal structure and function [8] [9] [10] [11] 31] . Thus, synaptic specification might rely less heavily on segmental position and more heavily on molecular recognition and activity-dependent refinement, with premotor axons (from respiratory central pattern generators, for example) simply extending along the rostrocaudal axis until they find their target motoneurons.
The resilience to rostrocaudal location does not entirely rule out a role for location in the connectivity of the facial motoneurons. Indeed, our evidence indicates that dorsoventral position (more so than segmental position) could be an important factor for normal functional connectivity. Migration mutant FBMNs still achieve wild-type-like topography along the dorsoventral axis, according to relative age and muscle target. Others have shown that dorsoventral age topography in the surrounding hindbrain interneurons predicts those interneurons' contributions to functional circuits [24] . If dorsoventral positioning is being used as an internal coordinate system for specifying synaptic connections within the facial motor nucleus, longitudinal premotor projections may reach the FBMNs at any rostrocaudal level and form appropriate synapses, so long as that intra-population topography remains intact-which it does in the case of migration mutant FBMNs.
Neuronal Migration and Evolution
If facial motor neurons can, indeed, shift position along the rostrocaudal axis and still receive functional inputs, why do they migrate at all? Though FBMNs arise in the same hindbrain segment across vertebrates, their final settling position along the rostrocaudal axis varies dramatically across species [12, 14] . Others have noted that these phylogenetic shifts in position seem to correlate with changes in function: in species where FBMNs receive strong inputs from caudal hindbrain networks (like respiratory central pattern generators), FBMNs migrate and settle in more caudal positions [8] [9] [10] [11] . Adjusting the extent of neuronal migration to shift FBMNs closer to the source of their predominant synaptic inputs could be adaptive by minimizing the total length of projections-in accord with the notion of wiring minimization [40, 41]-or by adjusting the probability or strength of synaptic connections without specifying them in a deterministic fashion (as suggested by [34]).
These selective forces (and possibly others) may act in tandem to confer an adaptive advantage on one settling location over another in a particular species. Our discovery of the remarkable functional resilience of FBMNs to a shift in segmental position provides an opportunity to investigate how this resilience is achieved. This work will be important for our understanding of the fundamental ontogenetic processes that generate neuronal diversity and synaptic connectivity and of how these processes facilitate or constrain the evolution of neural circuits.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Joseph Fetcho (jrf49@cornell.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Zebrafish (Danio rerio) larvae have not undergone sex specification at the ages used in these experiments (1-5 dpf). All zebrafish larvae were obtained from crosses between adult laboratory stocks. Zebrafish larvae were maintained in nursery tubes in our fish facility until selected for experiments and subjected to their first experimental procedure (i.e., photoconversion, electroporation of dye), after which they were maintained in dishes of 10% Hank's solution (in mM: 13.7 NaCl, 0.54 KCl, 0.10 MgSO 4 , 0.044 KH 2 PO 4 , 0.025 Na 2 HPO 4 , 0.42 NaHCO 3 , 0.13 CaCl 2 in purified water) in an incubator (28.5 C). Most fish were staged according to days post-fertilization (dpf); however, for photoconversion experiments, fish were initially staged according to hours post-fertilization (hpf) within ± 30 min. Electrophysiological experiments were performed with larvae lacking any mutation for skin pigmentation. Other experiments were performed using larvae with skin color mutations (either nacre or casper) [43, 44] to increase visibility during confocal imaging. All fish were maintained on a 14:10 light:dark cycle. All experimental procedures conformed to the US National Institutes of Health guidelines regarding scientific use of animals and were approved by Cornell University's Institutional Animal Care and Use Committee.
The transgenic zebrafish lines Tg(zCREST1:Dendra2) and Tg(zCREST1:GCaMP5) were generated via plasmid injection into onecell stage embryos, as described in [45] . zCREST1:mRFP plasmid was generously donated by C. Moens. Transgenic zebrafish lines Tg(Islet1:GFP) [42], Tg(zCREST1:mRFP) [18] , and Tg(Elavl3:H2B-GCaMP6fast) [26] were described previously, as were the mutant lines utilized. For our comparisons, we chose two previously described mutations that disrupt FBMN caudal migration. llk(rw16) is a point mutation in scribble1 (scrb1), which is widely transcribed in the developing neuroepithelium and codes for a protein involved in REAGENT . In homozygous pk1b(fh122) mutants, FBMNs are believed to be unable to postpone terminal differentiation, causing them to stop migrating prematurely. Fish were classified as migration mutants according to the migration phenotype of the FBMNs. In general, a given data collection session included both wild-type and mutant larvae from the same multi-pair cross.
METHOD DETAILS
Backfills and Single-Cell Fills: Electroporation Tg(Islet1:GFP) larvae (4dpf) were anesthetized (MS-222, tricaine methanesulfonate, Western Chemical; 0.226mg/mL in 10% Hank's solution) and immobilized in 2% low melting point agarose (Fisher Scientific). Voltage pulse trains were delivered with an Axoporator device (Molecular Devices) through a fine-tipped glass micropipette (same design used for whole cell recordings; see below). Backfills from muscle: Fish were mounted such that the target muscle was just underneath the agarose surface, and the agarose was covered with anesthetic solution. The electroporation pipette was filled with dye (Alexa Fluor 546 or 647, dextran conjugated, MW 10000, anionic, Molecular Probes; 20% in extracellular solution -see below) and lowered over the facial nerve where it branches over the target muscle. Voltage pulse trains were delivered to the tissue (20-30V, 120Hz, 1-ms pulses, 20 s per train, 2-3 trains per site) to electroporate dye into the nerve. In some cases, two muscles in the same fish were targeted on opposite sides of the head, using different dyes. Single-cell fills: Fish were mounted with the dorsal surface of the head just underneath the agarose surface, and the agarose was covered with anesthetic solution. The electroporation pipette was filled with dye as described above and driven into the intact hindbrain behind the ear, until the tip of the pipette was just touching the cell body of a single facial motor neuron. Voltage pulse trains were delivered to the cell surface (3-5V, 50Hz, 1-ms pulses, 3-5 s per train, one train per cell) to electroporate dye into a single neuron. After electroporations, fish were allowed to recover overnight, then imaged at 5dpf. For backfills, muscle target was confirmed by imaging the facial nerve and cranial muscles.
Photoconversion of Dendra
Tg(zCREST1:Dendra2) embryos were exposed in-chorion to ultraviolet light at 20, 24, or 30 hpf, using a mercury lamp (DAPI filtered) focused through a 10x objective. Four embryos at a time were suspended in a drop of 10% Hank's solution near the glass bottom of a small specimen dish, then exposed to the ultraviolet light. Ultraviolet light power and exposure time were chosen in pilot experiments to maximize photo conversion of Dendra (from green to red emission) while minimizing tissue damage, then standardized across experimental subjects (2.5 min, 50% UV power). After photo conversion, fish were kept in a light-tight container in an incubator (28.5 C) until imaging at 3 dpf. Nearly all fish survived to imaging after photo conversion without apparent morphological abnormalities, suggesting that the length and power of ultraviolet light exposure did not have a detrimental effect on development.
Image Acquisition Larvae were immobilized in 2% low-melting point agarose (Fisher Scientific) against the class coverslip of a small specimen dish. The agarose was covered with solution to prevent dessication, and imaging was done at room temperature. Images were collected using an inverted Zeiss LSM confocal microscope with a Zeiss C-Apochromat 40X water immersion objective. Green fluorescent proteins (Dendra2, GFP) were excited by a 488nm laser, and emission fluorescence was collected using a band pass (505-530nm) filter. Red fluorescent proteins (converted Dendra2, mRFP) and dyes (Alexa Fluor 564) were excited by a 543nm laser, and emission fluorescence was collected using a band pass (585-615nm) filter. Far red fluorescent dye (Alexa Fluor 647) was excited by a 633nm laser, and emission fluorescence was collected using a long pass (650nm) filter. Images were acquired and saved as .lsm files using Zen (Zeiss) software. For calcium imaging, larvae (5dpf) were either paralyzed with a-bungarotoxin or immobilized in agarose without drug, and time series were collected from selected z-planes within the facial motor nucleus (typically several minutes per plane, sampling intervals 240 -500 ms), and image stacks through the facial motor nucleus were collected at the conclusion of the imaging session. Fish health was assessed between time series by visualization of tissue clarity and blood flow, and only healthy fish were included in subsequent analyses.
Electrophysiology
Whole cell recordings were performed in 5dpf Tg(Islet1:GFP) larvae, specifically targeting the ventrolateral arm of the facial motor nucleus. Larvae were paralyzed with acute (3-5min) exposure to a-bungarotoxin (Biotoxins, Inc.; 1 mg/mL in purified water) and secured to a Sylgard-coated glass-bottomed recording chamber with two etched tungsten pins inserted through the notochord. Larvae were then submerged in extracellular recording solution (in mM: 134 NaCl, 2.9 KCl, 1.2 MgCl 2 , 10 HEPES, 10 glucose, 2.1 CaCl 2 ; adjusted to pH 7.8 with NaOH). The brain was exposed by dissection of the surrounding head and gut tissue with a sharp tungsten probe. The exposed brain was then secured to the dish with etched tungsten pins through the rostral spinal cord and midbrain-forebrain junction. Facial motor neurons were visualized with an Olympus BX51WI inverted microscope equipped with infrared DIC optics, epifluorescence, and a 40X immersion objective, and were viewed with a CCD camera controlled by Q Capture Pro 6.0 software (QImaging). Each recorded neuron was filled with fluorescent dye during recording (see below) and imaged after recording to confirm neuronal identity. All experiments were performed at room temperature (23-25 C). Micropipettes for whole cell recording were pulled from thin-walled filamented capillary glass (A-M Systems) on a Flaming-Brown puller (Sutter Instruments), to a tip diameter of 1-3 mm and resistance of 8-15MU. Micropipettes were backfilled with intracellular recording solution (in mM: 125 K-gluconate, 2 MgCl 2 , 10 HEPES, 10 EGTA, 4 Na2-ATP; adjusted to pH 7.2 with KOH) containing 0.1% Alexa Fluor 546 hydrazide (Molecular Probes) or 0.1% sulforhodamine B (Sigma). Micropipettes were advanced into the hindbrain using a motorized micro manipulator (MP-225, Sutter Instruments), under positive tip pressure (60-65 mmHg) maintained by a pneumatic transducer (DPM-1B, Bio-Tek Instruments). Once the tip was near the cell body, positive pressure was released to form a gigaohm seal. A holding voltage of À50mV was applied, and a sharp suction pulse ruptured the cell membrane to initiate whole cell recording. All recordings were performed in current-clamp mode, and standard corrections were made for bridge and pipette capacitance.
Electrophysiological data were acquired with a MultiClamp 700A amplifier (Molecular Devices) and a Digidata 1322A digitizer (Molecular Devices), recorded with Clampex 8.2 software (Molecular Devices), and analyzed offline with Clampfit (Molecular Devices) and custom scripts in MATLAB (Mathworks). Electrical signals from facial motor neurons were filtered at 30 kHz and digitized at 100 kHz (R f = 500MU). Access resistance was usually monitored before and after recording, and was typically under 120MU. Although action potential heights were generally quite small (riding atop depolarizing hills), this was the case for neurons with both higher and lower (40-60MU) access resistance values. All recorded neurons had stable resting membrane potentials between À40 and À70 mV. Since we were concerned primarily with changes in membrane potential rather than absolute values, we have reported values as recorded without applying a correction for junction potential, which was estimated to be 18.5 mV at 23 C. In a subset of whole cell recordings (wild-type: n = 6/23 fish; llk(rw16) mutants: n = 3/8 fish), we simultaneously recorded extracellular activity from the ventral motor root innervating locomotor muscle in the tail -as a means of recording fictive attempted swimming bouts. A section of skin covering the tail was removed, exposing the ventral muscle, and a wide-tipped glass pipette filled with extracellular recording solution was lowered onto the muscle surface. Electrical signals from the motor nerve were recorded (AC: 300 Hz), filtered at 1 kHz and digitized at 100 kHz (R f = 50MU).
Behavior Larvae (5dpf) were immobilized side-down in low-melt agarose (2% in 10% Hank's) at the bottom of a glass-bottomed specimen dish, covered with 10% Hank's solution. After 5 min (to allow the agarose to cool to room temperature, and the fish to acclimate to the dish), larvae were transferred to an Olympus BX51WI inverted microscope equipped with a 40X immersion objective. Movements of the operculum were imaged at 20Hz using a high-speed camera (Fastec Imaging). Three sessions were recorded per fish, and each session lasted approximately 5 min (5770 frames). Two or three of these sessions were analyzed per fish -sessions were discarded for poor image quality or excessive movement of the entire fish within the imaging frame (both of which were rare). Experiments were done at room temperature (23-25 C).
QUANTIFICATION AND STATISTICAL ANALYSES Spot Analysis and Registration
To determine neuronal locations, we first used spots functions in Imaris (Bitplane) to semi-automatically place spots defining single neurons and extract each cell's native coordinates in the frame of the original image, then registered neurons with a common coordinate system in the following way. Wild-type models and standardized coordinates: We selected a representative wild-type animal to serve as the model. In the model animal, we used measure points in Imaris (Bitplane) to locate the native coordinates of several anatomical landmarks within the facial motor nucleus, then used these landmarks to specify new standardized coordinate axes and a new origin. In this standardized system, mediolateral coordinates fall along the axis connecting the inflection points (found in rhombomere 4) in the left and right facial nerves, and rostrocaudal coordinates fall along the axis running midway between the left and right facial nerves (as they run in parallel through rhombomere 5). The origin is specified by the intersection of these two axes, and dorsoventral coordinates fall along the axis that is mutually perpendicular to the other two axes. The cell positions for the wild-type model were re-specified within this standardized coordinate system, then used to register other wild-type data. Wild-type data registration:
The positions of trigeminal and facial nucleus neurons (rhombomeres 2-6) were obtained for each wild-type fish. These position data were treated as point clouds and registered to a corresponding (standardized coordinate) point cloud from the wild-type model using an iterative closest point algorithm implemented in MATLAB (Mathworks; code obtained from [48] ). Mutant data registration: We selected a representative mutant animal for each mutation type. To obtain a mutant model in the standardized coordinate system, we registered each mutant model to the wild-type model using only the positions of neurons in the trigeminal nuclei (rhombomeres 2 and 3), then used the resulting registration transform to obtain registered positions for the mutant facial nucleus neurons as well. Other mutant animal data were then registered to the mutant model using the iterative closest point algorithm described above, using position data from the mutant trigeminal and facial nuclei (rhombomeres 2-4).
Analysis of Dendra Photoconversion
In Tg(zCREST1:Dendra2) embryos, the photo convertible protein Dendra is expressed in facial motor neurons once they differentiate as motor neurons -since zCREST1 is a motor neuron enhancer from the Islet1 promoter [25] . Thus, neurons that have already begun to differentiate at a given photo conversion time point (20, 24, or 30 hpf) will contain green Dendra at that time point, which will be converted to red upon exposure to ultraviolet light. Those neurons will continue to express green Dendra after the photo conversion time point, so neurons older than the conversion time point will contain both green and red Dendra. Younger neurons that begin to differentiate after the conversion time point will only contain green Dendra. To determine which neurons contain red (converted) Dendra, we set a minimum threshold for mean absolute red intensity of a 1mm spot at the center of the neuron, obtained using the spots function in Imaris (Bitplane). Since expression levels and imaging conditions varied across subjects, we chose this threshold separately for each fish, by viewing the red intensity histogram for all spots and the red channel image itself. Although the red Dendra was often dim, it was clear both within and across individual fish (upon viewing the raw images) that the red-containing cells were in the ventral part of the facial nuclei.
Dendrite Tracing and Analysis
Image stacks were collected from Tg(Islet1:GFP) larvae at 5dpf, in which single-cell electroporation at 4dpf had been used to fill the processes of one FBMN with fluorescent dye. In some cases, additional non-FBMN cells were also filled with dye, likely due to the accidental electroporation of cellular processes while targeting a specific FBMN cell body. Typically, the dendritic arbor of the targeted FBMN could still be clearly distinguished and cleanly traced; if not, the ambiguous dye fill was discarded from the analysis. The dendritic arbor was traced semi-manually using filament functions in Imaris (Bitplane), and the muscle target of the backfilled cell was confirmed by imaging the cranial muscles and the facial nerve. The position of the filled FBMN was registered, using the same method described above (Spot Analysis and Registration), to permit comparison across fish. A spot was placed at the rostral-most and caudal-most points on the traced dendritic arbor, and the registered position of these points was used to mark the rostrocaudal extent of the arbor.
Analysis of Calcium Imaging Data
We initially generated a transgenic line expressing calcium indicator in the cytosol (Tg(zCREST1:GCaMP5)). With this line, we confirmed that FBMNs in intact wild-type larvae exhibit the two gross patterns of activity that we had previously observed in whole cell recordings (data not shown). However, because most FBMNs are tightly clustered together, the cytosolic indicator made it difficult to extract the calcium transients from a single FBMN, without contamination of the signal from adjacent neurons. To solve this problem, we used Tg(Elavl3:H2B-GCaMP6fast) larvae, in which calcium indicator is restricted to the nucleus, to simplify identification of single-cell regions of interest [26] . The two key calcium signal patterns were observed in both paralyzed and unparalyzed larvae, of both migration phenotypes; however, in paralyzed larvae, the larger, less frequent bursts were extended in time, which obscured the distinction between the two patterns in a subset of fish. Thus, we focused our analysis on the unparalyzed fish, where the two patterns of response could be readily distinguished in most cases. Time series were converted from .lsm files to tiff stacks in ImageJ (NIH) and manually inspected to determine if image registration was necessary. When necessary, tiff stacks were registered using the native imregister function in MATLAB (Mathworks), then manually inspected for suitable registration. Images that were improperly registered or unable to be registered (e.g., tissue distortion during attempted movements) were excluded from further analysis. We found the maximum intensity projection (MIP) of the registered images in Imaris (Bitplane), then manually drew regions-of-interest (ROIs) using the MIP. In Tg(Elavl3:H2B-GCaMP6fast) fish, ROIs corresponding to FBMNs were chosen based on Tg(zCREST1:mRFP) expression and location in the hindbrain.
For each time series, we extracted the mean intensity of GCaMP in each putative FBMN (at each time point) and subtracted the mean intensity of a background ROI from the time series, yielding the background-corrected trace. Then, for each ROI, we computed the baseline calcium signals, by dividing the trial into four equal parts, computing the minimum background-corrected intensity of the ROI for each trial segment, and taking the mean of these values. We subtracted this baseline value from the ROI intensity series, then divided by the baseline (% dF/F). Only those neurons with clear responses (maximum % dF/F > 50%), for which we could classify the response type, were included in our analyses; neurons with flat or noisy activity were not analyzed further. Some neurons were also discarded because that slice's time series contained too many tissue movement artifacts -which was primarily a concern in the dorsal-most portion of the facial nucleus. Further, the region of the facial motor nucleus also contains lateral line efferent neurons, which also show red membrane expression in the (Tg(zCREST1:mRFP)) line. In whole cell recordings, we could exclude lateral line efferents from our analysis using cell morphology, as lateral line efferents (but not FBMNs) have contralateral dendrites [49] . However, with imaging calcium, we were unable to exclude lateral line efferents from the analysis, except in cases where we backfilled neurons projecting to a specific cranial muscle. Thus, it is also possible that some of the unresponsive neurons were lateral line efferents and not FBMNs. Note that those neurons expressing nuclear localized calcium indicator that exhibit additional rhythmic activity tend to have a mean value that builds over time -that is, calcium transients do fall, but not to baseline. We believe this to be the result of how these neurons fire -in bursts of spikes riding on hills of depolarization, which may cause an accumulation of nuclear calcium.
Analysis of Electrophysiology Data
Recorded neurons were filled with fluorescent dye from the recording pipette and inspected post-recording. The facial motor nucleus also contains octavolateralis efferent neurons (OLes); however, unlike FBMNs, OLes have both ipsilateral and contralateral dendrites [49] . Thus, any recorded neurons with crossing processes post-recording were excluded from analysis.
Neurons were classified into two groups, based on their spontaneous responses. Some neurons responded with infrequent (typically 1-2 per minute or less) and irregular large bursts, which correlated with strong tail motor activity (40-100Hz beat frequency, 5-10 beats or more) when available. Some neurons also exhibited regular, rhythmic (0.25-3Hz) hills of depolarization, typically accompanied by a burst of small spikes. In a few fish, this rhythmic firing was accompanied by very brief (1-2 beats) tail motor activity; in other fish, this rhythmic firing occurred in the absence of any measurable ventral root activity.
To calculate each rhythmic neuron's median inter-burst interval, burst times were manually identified (placed on the rising slope of the depolarizing hill) for a single 10-30 s period of rhythmic bursting during that cell's recording session, in the absence of hyper-or de-polarizing current injection.
Analysis of Behavioral Data
Images were analyzed using manual tracking in FIJI (NIH). For each fish, a landmark on the operculum was manually tracked across frames, and the vertical pixel positions were exported into MATLAB (Mathworks). Operculum movements were quantified during rhythmic bouts -excluding between-bout intervals and large movements made during attempted whole-body movements. Movement times were detected using the findpeaks function and manually spot-checked for accuracy. Summary plots and statistical comparisons were made using the inter-peak intervals. For display, instantaneous movement frequency was calculated as the inverse of the previous inter-peak interval. Box-whisker plots were constructed using the median inter-peak interval for each fish, as the median gives a better representation of central tendency given the skewed nature of the distributions.
Statistics and Plots
For each quantitative analysis, information about the value and meaning of n can be found in the text and figure legend, and details of statistical test output can be found in the supplemental tables. All linear mixed effects models were evaluated with the maximum likelihood method, using the fitlme function in MATLAB (Mathworks). The assumption of homogeneous variances was evaluated by plotting residual variances as a function of fitted value, and the assumption of normally distributed residuals was evaluated with a quartile-quartile plot. In general, model assumptions were reasonably well met; see below for details of each test. When assumptions were not strictly met, this was generally due to a modest deviation from normally distributed residuals (specifically at very high and very low ends of the range). When p values were unambiguous (very large or very high) and assumptions were reasonably well met, the results of the linear model were used in the text -as linear mixed model outputs are robust to modest deviations from the assumption of normal residuals, particularly for large values of n. All plots were created in MATLAB (Mathworks) and edited in Illustrator (Adobe). All figures were created in Illustrator (Adobe).
To determine if caudal migration phenotype had a significant effect on motor pool topography (Table S1 ), we fit each component of the registered position data (mediolateral, dorsoventral, and rostrocaudal coordinates) with a linear mixed-effects model, with fixed effects of migration phenotype and muscle target and a random effect of experimental subject. In this way, we tested for the significance of the fixed effects (phenotype, muscle target) and the interaction between the two. Aside from a slight decrease in variance at higher fitted values for the mediolateral coordinate, all three coordinate models met the assumption of homogeneous variance. Residuals were close to normally distributed for all three models.
To determine if caudal migration phenotype had a significant effect on response type topography (Table S2) , we fit the dorsoventral component of the registered position data obtained for neurons categorized by calcium imaging as rhythmic and non-rhythmic with a linear mixed-effects model, with fixed effects of migration phenotype and response type and a random effect of experimental subject. For this statistical analysis, we only included data from fish in which we had sampled the entire dorsoventral extent of the facial nucleus, without backfill (WT: n = 2; llk(rw16) mutant: n = 3). Variances were homogeneous, and residuals were close to normally distributed. However, because the p value for the interaction effect was not large (p = 0.14), we fit models to the wild-type and mutant data separately, with a fixed effect of response type and a random effect of experimental subject -to confirm that there was a significant effect of response type in both migration phenotypes. These p values were very low and highly significant.
To determine if caudal migration phenotype had a significant effect on rhythmic operculum movements (Table S3) , we fit intermovement interval data with a linear mixed-effects model, with a fixed effect of migration phenotype and a random effect of experimental subject. Once again, the variances were homogeneous, and the residuals distribution was near-normal -but the sample size was high, and the p value was highly significant. We also fit a model to the data when we removed the first three response intervals from each movement bout, as those intervals tend to be longer (as operculum movements typically begin slow). However, removing those data points did not alter our conclusion, so we have taken a conservative approach and utilized the model fit to the entire dataset here.
